A general strategy is described for improving the binding properties of small-molecule ligands to protein targets. A bifunctional molecule is created by chemically linking a ligand of interest to another small molecule that binds tightly to a second protein. When the ligand of interest is presented to the target protein by the second protein, additional proteinprotein interactions outside of the ligand-binding sites serve either to increase or decrease the affinity of the binding event. We have applied this approach to an intractable target, the SH2 domain, and demonstrate a 3-fold enhancement over the natural peptide. This approach provides a way to modulate the potency and specificity of biologically active compounds.
In nature, certain small-molecule ligands use a remarkable mechanism to enhance the affinity for their targets. These ligands bind to an endogenous protein, forming a new composite surface, which can bind then to a target protein. Presentation of the ligand by the larger endogenous protein vastly enlarges the surface area available for interactions with the target, facilitating additional protein-protein interactions and improved affinity.
For example, the peptide ligands of the T cell receptor use this strategy of surface enlargement to promote a high-affinitybinding event. By themselves, peptides usually have only a very low affinity for the polymorphic T cell receptor (TCR). For a high-affinity-binding event to occur, a peptide must be presented by the major histocompatibility complex (MHC). As the crystal structures of the trimeric TCR-peptide-MHC complex have shown, the TCR makes contacts not only with the peptide but also with the MHC (1, 2) . The TCR-MHC contacts are important because mutations of these sites abolish the immune response and much of the remarkable specificity of the immune response is a result of this simple trimeric complex (3) (4) (5) .
Certain microorganisms also make use of endogenous proteins to present and enhance the activity of their toxins. For example, the immunosuppressive drugs cyclosporin and FK506 are presented by cyclophilin and human FK506-binding protein 12 (FKBP), respectively, to inhibit the activity of a common protein target, calcineurin (6) . By themselves, FK506 and cyclosporin have no measurable affinity for calcineurin. However, the FK506-FKBP and cyclosporin-cyclophilin complexes bind to calcineurin with high affinity (7) . The cocrystal structure of calcineurin-FK506-FKBP reveals that the protein surfaces of calcineurin and FKBP make extensive contacts that promote the high affinity of the binding event (8, 9) .
However, extensive protein-protein interactions between a presenting protein and the drug target are not always required to enhance the affinity of a ligand for its target protein. Like FK506, the macrolide drug rapamycin has no measurable affinity for its target, the cell cycle control protein FRAP. Instead, rapamycin forms a complex with FKBP to create a composite surface that binds to FRAP with high affinity. But, unlike the FK506-FKBP complex, the rapamycin-FKBP complex establishes only few contacts with its target (10) .
Inspired by these natural examples, we envisioned that the specificity and affinity of a ligand-protein interaction or a drug-protein interaction could be modulated deliberately by borrowing additional surface contacts from an endogenous protein. Thus, we set out to chemically link a ligand for an abundant presenting protein to a weak binder for a target protein. By using chemical linkers of different lengths, tilt, and rotation, one may expect the resulting protein-protein interactions to be favorable or unfavorable so that binding occurs with enhanced or decreased affinity, respectively. As an extension of traditional medicinal chemistry, such an approach may be useful to modulate the potency and specificity of biologically active compounds.
As a first attempt to explore the feasibility of this approach, we selected two members of the FK506-binding protein family, FKBP12 and FKBP52, as presenter proteins. We chose the SH2 domain of the Fyn tyrosine kinase as the target protein because of its well established structure and the availability of ligands for SH2 domains (11) . SH2 domains bind to peptides and proteins that contain phosphotyrosine residues, and they are commonly found in signaling proteins that regulate cell growth and differentiation. Ligands that bind to SH2 domains have been explored as possible therapeutics for cancer, osteoporosis, and inflammation and as immunosuppressive agents (12, 13) . However, the development of ligands that bind to SH2 domains with high affinity and selectivity has met with little success, and SH2 domains generally are considered to be good examples of an intractable drug target.
MATERIALS AND METHODS
Synthetic Chemistry. Peptides were synthesized by using conventional solid-phase peptide synthesis methods. The FK506-derived mixed carbonate was synthesized as described by Spencer et al. (14) . It was dissolved in dimethylformamide with triethylamine and a 2-fold excess of phosphotyrosylglutamyl-glutamyl-isoleucine (pYEEI). The coupled product was treated with hydrogen fluoride in acetonitrile to remove the two silyl ether protecting groups, and the desired product was purified by using reverse-phase HPLC. Synthetic ligand for FKBP (SLF) was synthesized according to the procedures of Holt et al. (15) . SLF was coupled to the N terminus of the resin-bound protected pYEEI peptide by using PyBOP. The bifunctional SLFpYEEI was simultaneously deprotected and cleaved from the Novasyn TGT resin (Calbiochem) by using 25% trifluoroacetic acid and 2.5% triisopropylsilane in meth-
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Peptide Coupling to Beads. The peptide pYEEI (1 mg) was dissolved in 1 ml of dimethyl sulfoxide and incubated with 1 ml of Affi-Gel 10 beads (Bio-Rad) for 6 hr at room temperature. The reaction was stopped by incubating the beads in 5 ml of ethanolamine (1 M, pH 8.0) for 1 hr. The beads were washed and resuspended 1:2 in 20 mM Tris, pH 7.2͞150 mM NaCl.
Protein Expression. The human Fyn SH2 domain (residues 102-205, SIQA-LVVP) and human FKBP12 were expressed as glutathione S-transferase (GST) fusion proteins in Escherichia coli. The cDNAs were cloned into the pGEX2TK expression vector (Pharmacia). When required, the recombinant proteins were labeled with [␥-32 P]ATP on glutathione beads (Pharmacia) using protein kinase A (PKA) and the pGEX2TK-derived PKA site at the N terminus of FKBP12 and the Fyn SH2 domain. FKBP12 and the Fyn SH2 domain were cleaved from GST by using thrombin (Sigma) and the thrombin cleavage site between the PKA site and GST. Human FKBP52 was expressed in pET28c (Novagen) with a His tag at the N terminus. The recombinant protein was purified with Ni 2ϩ nitrilotriacetic acid agarose beads (Qiagen).
Isothermal Titration Calorimetry. The binding constants of FKBP12, FKBP52, and the Fyn SH2 domain for SLF, SLFpYEEI, and FKpYEEI were determined by using an Omega Isothermal Titration Calorimeter (Microcal, Northampton, MA). Protein in aqueous buffer (20-60 M: 150 mM NaCl͞20 mM Tris, pH 7.2) was equilibrated in the microcalorimeter cell at 25°C for 1-2 hr after being degassed for 10 min. Ligand (170-600 M) in identical buffer as protein was taken into a 250-l syringe after being degassed for 10 min. The syringe was loaded into the cell and spun at 400 rpm, and the system was allowed to equilibrate for 1-2 hr. Ligand was then injected into the cell (25 ϫ 10 l, 6-min intervals), and the heat evolved was quantitated. Binding constants were calculated from a numerical fit to the experimental data as described in ref. 16 .
RESULTS
Molecular Design. Beginning with a tetrapeptide that binds to the Fyn SH2 domain, pYEEI (17), we synthesized two bifunctional molecules. Both molecules are capable of simultaneously binding to FKBP and the Fyn SH2 domain. The pYEEI peptide was linked covalently to two FKBP ligands, FK506 and SLF (15) , to provide the desired bifunctional molecules, FKpYEEI and SLFpYEEI (Fig. 1) . SLF is smaller than FK506 and does not project as far from the FKBP protein surface. By using the three-dimensional structures of FKBP12 (15, 18) , FKBP52 (19) , and the Fyn SH2 domain (20) , the linkers between the two halves of the bifunctional molecules were designed to bring the FKBP surface into close proximity to the SH2 domain surface. The affinities of FKpYEEI and SLFpYEEI for recombinant FKBP12, FKBP52, and the Fyn SH2 domain were measured by using isothermal titration calorimetry (ITC, Table 1 ).
Binding Assay. To determine whether the bifunctional molecules allow the formation of a trimeric complex between Fyn and FKBP, GST-Fyn SH2 domain fusion proteins bound to glutathione beads were incubated with radioactively labeled FKBP12 and increasing concentrations of FKpYEEI or SLFpYEEI (Fig. 2) . After equilibrium was established, the beads were sedimented and the radioactively labeled FKBP12 associated with the beads was quantified. Both FKpYEEI and SLFpYEEI support the formation of a trimeric complex between the Fyn SH2 domain and FKBP12. However, FKpY-EEI forms the trimeric complex more efficiently. FKpYEEI and SLFpYEEI can also form a trimeric complex between immobilized FKBP52 and the radioactively labeled Fyn SH2 domain (data not shown).
A competition binding assay was used to determine whether the pYEEI peptide bound more tightly to the Fyn SH2 domain when presented by FKBP (Fig. 3A) . The pYEEI tetrapeptide was covalently attached to beads. The beads were incubated with radioactively labeled Fyn SH2 domain, and the bound protein was quantified by centrifuging the beads and counting the associated radioactivity. When FKpYEEI or SLFpYEEI was added to the binding reaction, the pYEEI peptide of the bifunctional molecules competed with the peptide beads for binding to the 32 P-labeled Fyn SH2 domain. As a consequence of this competition, less 32 P-labeled Fyn SH2 domain bound to the beads. Hence, low levels of radioactivity bound to the beads reflect high occupancy of the Fyn SH2 domain by a competing ligand in the solution (Fig. 3B) .
Using a Borrowed Protein Surface to Enhance Affinity. By using this assay, FKBP12 or FKBP52 was added at various concentrations to a binding reaction to form a complex with FKpYEEI or SLFpYEEI. When presented by FKBP12, FKpYEEI bound to the Fyn SH2 domain as well as free FKpYEEI (data not shown). However, the FKpYEEI-FKBP52 complex competed more effectively for binding to the Fyn SH2 domain than did FKpYEEI alone (Fig. 3B) . To confirm that the observed effect depends on binding of FKpYEEI to the FK506-binding pocket of FKBP52, FK506 was added to the binding reaction. FK506 binds more tightly to FKBP12 and FKBP52 than either bifunctional molecule (Table 1 ). In the binding assay, as FK506 reaches an equimolar concentration with respect to FKBP52, most of the FKBP52 is bound to FK506. Under these conditions, the affinity-enhancing effect of FKBP52 was abolished (Fig. 3C ). These results demonstrate that the enhanced affinity of FKpYEEI for the Fyn SH2 domain depends on FKpYEEI binding to the FK506-binding pocket of FKBP52.
To quantify the increase in affinity of the Fyn SH2 domain for pYEEI presented by FKBP52, we measured the binding of the 32 P-labeled Fyn SH2 domain to peptide beads as a function of the concentration of FKpYEEI (Fig. 3D) . FKBP52 enhances the affinity by a factor of 3, which is reflected in a shift of the IC 50 from 750 nM in the absence of FKBP52 to an IC 50 of 250 nM in the presence of FKBP52. ITC measurements confirmed the approximately 3-fold affinity enhancement (FKpYEEI plus Fyn SH2 domain: K d ϭ 340 nM versus the FKpYEEI-FKBP52 complex plus Fyn SH2 domain:
We considered the possibility that FKBP12 and FKBP52 present the pYEEI peptide in different orientations. However, the structures of the FK506-binding domains from both proteins are very similar (19) , and it is unlikely that preorganization of the relatively flexible pYEEI peptide is responsible for the observed binding enhancement. Thus, we conclude that when the Fyn SH2 domain binds to the FKpYEEI-FKBP52 complex, the SH2 domain makes additional favorable proteinprotein interactions with FKBP52 that enhance the overall stability of the trimeric complex (Fig. 3E) .
Using a Borrowed Protein Surface to Reduce Affinity. In contrast to the FKpYEEI-FKBP52 complex, the SLFpYEEI-FKBP12 complex displays decreased affinity for the Fyn SH2 domain. In the competition binding assay, greater amounts of the Fyn SH2 domain bind to the peptide beads in response to increasing concentrations of FKBP12 (Fig. 4A) . This result indicates that the FKBP12-SLFpYEEI complex is a less effective competitor than SLFpYEEI alone. The effect is reversed by the addition of FK506, which indicates that SLFpYEEI binds to the FK506-binding pocket of FKBP12 (Fig. 4B) . The IC 50 of SLFpYEEI for the Fyn SH2 domain when presented by FKBP12 was increased 6-fold from 0.25 to 1.5 M (Fig. 4C) . This increase was confirmed by ITC (SLFpYEEI plus Fyn SH2 domain: K d ϭ 180 nM versus the SLFpYEEI-FKBP12 complex plus Fyn SH2 domain: K d ϭ 1.0 M; 5.5-fold increase). We interpret this decrease in affinity to indicate that the FKBP12 surface establishes unfavorable interactions with the Fyn SH2 domain surface in the trimeric complex (Fig. 4D) . The SLFpYEEI-FKBP52 complex does not affect the binding of the Fyn SH2 domain to pYEEI (data not shown). Considering the four possible complexes for presentation of the pYEEI peptide (two FKBPs and two bifunctional molecules), one complex improves binding of the pYEEI peptide to the Fyn SH2 domain, one complex diminishes binding, and two complexes have no measurable effect.
DISCUSSION
Borrowing Endogenous Proteins to Enhance the Characteristics of Small-Molecule Ligands. Our findings demonstrate that a phosphopeptide ligand for the Fyn SH2 domain can be engineered to bind more tightly to its protein target by inducing the formation of a trimeric complex. In the case of FKBP52, FKpYEEI, and the Fyn SH2 domain, the trimeric complex is more stable than would be expected based on the stabilities of individual bimolecular complexes (Table 1) . Although our data do not definitively demonstrate new protein-protein interactions resulting from the covalent linkage of FK506 to the pYEEI peptide, the observation that the change in affinity is related to both the structure of the ligand (SLF vs. FK506) and the borrowed endogenous protein (FKBP12 vs. FKBP52) points to the surface between the SH2 domain and the FKBP as the origin of the altered affinity.
One explanation for the increase in affinity is that additional protein-protein interactions between FKBP52 and the SH2 domain surface make a significant, direct energetic contribution to the stability of the complex. Alternatively, the additional distal interactions may indirectly enhance the free energy of binding of the peptide ligand to the SH2 domain. This possibility is based on the analysis of the energetic contributions of single amino acid side chains to proteinprotein interactions. The area of contact between two proteins is often large and flat (21, 22) , but, interestingly, a major part of the free energy of binding of two interacting protein surfaces can be contributed by a limited number of clustered amino acids. These clusters have been designated as ''hot spots'' (23) , and the surrounding contacts may serve to insulate the critical amino acids from bulk solvent. Thus, the SH2 domain-FKBP52 contacts may limit the accessibility of water to pYEEI and the binding pocket so that their energetic interactions are increased. Ultimately, structural studies will be helpful for confirming the role of FKBP-SH2 domain contacts in the affinity modification demonstrated here.
Plasticity of Binding Surfaces. The establishment of favorable or, at least, nondetrimental contacts will depend on the juxtaposition of the presenter protein surface to the surface of the target protein. Recent studies of human growth hormone and the TCR suggest that the plasticity of protein surfaces can act favorably in the attempt to establish beneficial proteinprotein contacts between the presenter protein and the target. Mutations in growth hormone that compensate for a mutation in the core region of its receptor have been shown to lead to major rearrangements at the protein-protein interface (24) . The crystal structure of the mutant proteins reveals that amino acid side chains reorganize to establish new interactions or to avoid unfavorable interactions. The plasticity of protein surfaces is also apparent in the binding of the TCR to peptide- Recombinant GST-Fyn SH2 domain was expressed, bound to glutathione beads (7.5 l beads, 0.55 nmol protein), and was incubated with 100 nM 32 P-labeled FKBP12 (10,000 cpm) in 100 l of binding buffer (20 mM Tris, pH 7.2͞150 mM NaCl). Increasing concentrations of FKpYEEI or SLFpYEEI were added and the reactions were rotated for 2 hr. The binding reactions were centrifuged in a pierced PCR tube to separate the beads from the supernatant. The radioactive protein associated with the beads was resuspended in 100 l of PBS, which was added to EcoLite scintillation fluid (ICN) and counted in an LS5000CE liquid scintillation counter (Beckman).
MHC, which can lead to large conformational changes in the complementarity determining regions of the TCR to gain new contacts (25) .
We also have demonstrated that borrowing the surface of an endogenous protein can reduce the affinity of interactions of a phosphopeptide with its SH2 domain. Steric hindrance or electrostatic repulsion are probably the basis for the decreased stability of the SH2 domain-SLFpYEEI-FKBP12 complex. In general, the creation of unfavorable contacts should be easier to achieve than favorable contacts, and it can be exploited to enhance the specificity of a molecule of interest. If, for example, a ligand binds to one desired and several undesired targets, a bifunctional molecule that causes unfavorable protein-protein interactions with the undesired targets may be selected. If the obtained bifunctional molecule shows favorable or at least neutral interactions with the desired molecule, specificity for the desired molecule will be created.
General Strategy to Modulate Ligand-Binding Affinities. The introduction of secondary binding interactions through synthetic modifications to small-molecule ligands has been examined in some detail (26, 27) . Our approach differs by borrowing surface area from presenting proteins. Features of our strategy include the ability to (i) recruit different endogenous presenting proteins by changing one-half of the bifunctional molecule, (ii) vary the length and rigidity of the linker that joins the two halves of the bifunctional molecule, and (iii) vary the affinity of the small-molecule ligand that binds to the presenting protein. Changes to any of these three variables have the potential to directly affect the overall stability of the trimeric complex. Ultimately, this general strategy may prove useful to improve the affinity and͞or specificity of smallmolecule drugs for their targets. It can also provide a useful tool for the, so far, intractable problem of developing agonists or antagonists of protein-protein interactions.
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